Twelve high schools in Japan (of which six are in Fukushima Prefecture), four in France, eight in Poland and two in Belarus cooperated in the measurement and comparison of individual external doses in 2014. In total 216 high-school students and teachers participated in the study. Each participant wore an electronic personal dosimeter "D-shuttle" for two weeks, and kept a journal of his/her whereabouts and activities. The distributions of annual external doses estimated for each region overlap with each other, demonstrating that the personal external individual doses in locations where residence is currently allowed in Fukushima Prefecture and in Belarus are well within the range of estimated annual doses due to the terrestrial background radiation level of other regions/countries.
The Fukushima Dai-ichi nuclear power plant accident, which began in March 2011, released a significant amount of radioactive substances, contaminating Fukushima and surrounding prefectures [1] . It is therefore essential to clarify the extent of this fallout and to assess its impact on the environment, foodstuffs, and on the residents in the affected areas. In Fukushima Prefecture, various studies of external as well as internal exposures have been conducted since 2011 [2, 3] .
Particularly important in assessing the effect of radiation on the residents is to conduct personal dosimetry: One of the earliest reports was by Yoshida et al. [4] , who measured the individual doses of the medical staff dispatched from Nagasaki to Fukushima City from March to July 2011. They reported that the personal dose equivalent H P (10) ranged from 0.08 to 1.63 µSv/h, significantly lower than the ambient dose equivalent rate H * (10) recorded by a monitoring station in Fukushima city which ranged from 0.86 to 12.34 µSv/h. Such individual dose monitoring using passive dosimeters report a cumulative dose over a period of time, typically three months, to the participant; it is not possible to tell when and where the major contribution to the cumulative dose was received. In the present study, we therefore used active (solid-state) personal dosimeters called "D-shuttle", which can record the integrated dose for each hour (hourly dose). The D-shuttles had already been used successfully in some studies. For example, Hayano et al. [6] demonstrated the effectiveness of using D-shuttles to communicate the exposure situation to residents, and Naito et al. [7] used D-shuttles together with global-positioning system (GPS) receivers to compare individual versus ambient dose equivalent rates.
In the present study, 216 high-school students and teachers wore D-shuttles and kept journals of their behaviour for two weeks in 2014, and the external individual doses thus obtained were compared across the regions. This study was motivated and initiated by the high-school students living in Fukushima who wished to compare their own individual doses with those of people living in other parts of Japan, and also in other countries. [8] .
The boundary of the evacuation zone is shown in white. The locations of the six high schools participated in the study are also shown together with the air-dose rates estimated from the 9th airborne survey.
II. MATERIALS AND METHODS
The measurements were carried out by high-school students and teachers from twelve Japanese high schools (six in Fukushima Prefecture, see Fig. 1 , and six outside of Fukushima, see Fig. 2 ), four high schools (three regions) in France (Fig. 3) , eight high schools (seven regions) in Poland (Fig. 4) and two high schools in Belarus (Fig. 5) . The total number of participants was 216, and the measurement period was two weeks during the school term in each country. .
The six Japanese schools outside Fukushima Prefecture were chosen by consulting the "Geological Map of Japan" (Fig. 2 , a natural radiation level map published by the geological society of Japan [9, 10] ). Fukuyama (labelled 1. in Fig. 2 ), Tajimi (4.) and Ena (5.) are in the region where the natural terrestrial background radiation level is relatively high, while Nada (2.), Nara (3.) and Kanagawa (6.) are in the low-background region.
In Fukushima Prefecture, based on the airborne dose-rate monitoring map ( Fig. 1) , schools in major cities, Fukushima, Nihonmatsu, Koriyama, Iwaki, Aizu were selected. Note that some 100,000 people were forced to evacuate from the restricted zone (indicated by the white border in Fig. 1 ), who, after four years of the accident, cannot yet return to their homes. As such, the present [10] . The map was adopted from Ref. [9] . Note that the colour coding schemes are different between this figure and that in Fig 1. study does not include high schools in the restricted zones. When choosing the participants from Fukushima Prefecture high schools, care were taken so as to choose students living in various areas, house types (wooden vs concrete), and in their extracurricular activities.
In France and Poland, the high schools involved in the study participated on a voluntary basis without specific selection. In France, the four high schools are located in three different regions characterized by a range of natural terrestrial radiation background level, the lowest level being
The locations of the participating schools in France, and their nearby air dose rates (obtained from the IRSN ambient dose monitor) [12] observed in Boulogne (closed to Paris) while higher value is observed in Corsica (see Figure 3 ). In Poland, the location of the schools is also ranging from lower values for high schools in the region of Warszawa to the highest in Zabrze (see Figure 4 ). Two high schools from Belarus were involved due to their location in the Gomel region, impacted by the fallout of the Chernobyl accident. The first high school is located in Gomel City while the second one is located close to the exclusion zone (in Bragin district) and thus characterized by a higher ambient radiation dose rate (see Figure 5 ). 1.25 MeV, and its least detectable value was 0.01µSv/h. The H P (10) measured with a personal dosimeter such as D-shuttle is known not to underestimate the effective dose E (i.e., H P (10) > ∼ E) even in cases of lateral or isotropic radiation incidence on the body, as in the present study [16] .
Although the D-shuttle is well shielded against external electromagnetic noise and is protected against mechanical vibration, occasional spurious "hits" are unavoidable. These typically show up as an isolated large "spike" in the readout data. In such cases, we checked the activity journal and queried the participant to determine whether or not the "spike" was likely caused by radiation, as will be discussed in detail in section III C.
Participants were instructed to always wear the D-shuttle on his/her chest, except during sleep when the unit was left near the bedside. In Table I 24 h ×14 d = 336. As there were some participants who could not take part in the measurements for the full 14 days, the total number of data points for the 216 people were 70,879.
The D-shuttle records both natural radiation and the radiation due to the accident ( 134,137 Cs); the latter contribution is negligible except in Fukushima Prefecture and in Belarus. When comparing the individual doses across the regions, we used the recorded doses by the D-shuttle including both doses from natural background radiation and radiation from radiocaesiums 2 , since these two contribute inseparably and additively to the individual doses. In this way, in addition to using the same device and standardising the measurement protocol, it is possible to compare the individual doses across all the participating regions. For each school or region, the number of participants ranged from 10-33, and the number of data points were from ∼ 3300 − 9800, as summarised in Table II Within Japan, the hourly dose distribution for Asaka in Fukushima and that for Ena (outside of Fukushima) are almost the same. The hourly dose distribution for Aizu in Fukushima is close to that of the low-dose regions outside of Fukushima, e.g., Nara and Kanagawa. These show that the hourly individual dose distributions of these regions in Fukushima Prefecture are not significantly higher than in those of other parts of Japan.
Within Europe, the hourly dose distribution of Bastia (Corsica, France) is similar to or even slightly higher than those in Fukushima Prefecture. This is consistent with the known fact that Bastia is in a region where the natural radiation dose is relatively high. 
B. Annualised comparison of individual dose values
For each participant, we integrated the individual hourly dose over the two-week measurement period, which was then multiplied by a factor 365/14 to estimate the annual dose. In the integration, we did not exclude outliers. Note again that all these comparisons were done including natural radiation. the same range of those observed in Gomel region 28 years after the Chernobyl accident.
C. Analysis of the "outliers"
We here discuss what may have caused the "outliers" found in Fig. 7 . Some are due to high radiation level, and others are due to noise. In Fig. 10 , we show three typical examples from Fukushima (top), Bastia (middle) and Boulogne (bottom).
A large value of 5µSv/h was recorded for one participant from Fukushima high school ( Fig. 10 (top)). This was when this person (teacher) visited Okuma town in the restricted zone, close to the Fukushima Dai-ichi Nuclear Power Plant (Fig. 1) The large values found in the data of participants from Bastia and Boulogne are due to noise, since interviews revealed no reasons for high radiation exposures. As was discussed above, occasional malfunction of the D-shuttle device due to electromagnetic/mechanical noise is unavoidable, which usually shows up as a single isolated event as shown in Fig. 10 (middle) . Large values were recorded for two consecutive hours, however, in the case of a participant from Boulogne ( Fig. 10 (bottom), 16:00-17:00). Interview of this person revealed nothing notable, and we concluded that this reading also must have been noise, although having noise for two consecutive data points is quite rare (this is the only such case in > 70, 000 data points). 
D. Analysis of hourly doses versus behaviour
Fig . 11 compares the hourly dose distributions for three schools, Fukushima, Ena and Nara.
The activity journal was used to extract the dose-rate data at school (home), and they are shown in the solid (dotted) histograms. The ordinate is the frequency, and the abscissa is the hourly dose (µSv/h).
For students attending Fukushima high school, the hourly doses were lower at school and higher at home (also see Table III ). This may be due to the fact that most of the homes of the participants are wooden, while the school building is made of concrete and surrounding school ground was decontaminated. On the other hand, in Ena, the hourly doses were higher at school rather than at home. This was found to be due to the relatively high concentration of natural radioactivity in the building materials of the school (granite). In Nara, there were no noticeable differences between the two distributions, and both were lower than in the other two schools. It has to be noticed that for the schools from Europe, no significant variation is observed according school building or home. The only variation is due to the time spent outside building according the region characterized by the terrestrial background radiation level. In order to better understand the situation, we show in Fig. 12 the estimated air kerma for the 12 participating schools in Japan, using the database of chemical analysis of soil samples [17] . We selected the soil-sample data within 5 km of participating schools from the database (when there were multiple sampling points, we took their average), and used the equation K = 13.0C K +5.4C U + 2.7C T h to estimate the air kerma K (nGy/h), with C K being the 40 K concentration (in %), C U being the uranium concentration (in ppm) and C T h being the thorium concentration (in ppm) [18] .
The relation between the air kerma and the effective dose varies depending on the irradiation angle to the body (c.f., ICRP Publication 74 (1996) [19] , figure 9 ). As people almost evenly receive terrestrial background radiation from all sides, rotational irradiation geometry is adequate for the relation. Although effective dose per unit air kerma (Sv/Gy) at rotational geometry is around 0.9 in the energy region of terrestrial background radiation (c.f., ibid. two-dot chain line of figure 8 ),
it can be treated as unity without losing the rationality of our argument, since the difference lies within the uncertainty of the measurement.
As shown, outside of Fukushima, the estimated effective dose rates from the terrestrial radiation air kerma rates and measured individual dose rates are correlated and have similar values.
However, in Fukushima, the individual dose rates are higher than the estimated effective dose rates of terrestrial radiation. In fact, the terrestrial radiation background is low in Fukushima; the radiation due to the distributed radio-caesium was added on top of the terrestrial radiation, but that increment is not high as might be expected. Thus, although the dose rate in most of Fukushima Prefecture was elevated by the nuclear accident, the total external individual dose rates observed for the Fukushima high school students involved in this study are not significantly different from those in other regions.
The natural radiation levels vary from region to region. In Japan, the nation-wide average of the terrestrial gamma-ray contribution to the effective dose is evaluated to be 0.33 mSv/y [20] , lower than the world average of 0.48 mSv/y [21] . In France, the average value is 0.47 mSv/y, similar to the world average but with variation from a factor 5 according the regions, ranging from about 0.2 to 1 mSv/y [22] . In the present study, the D-Shuttle measured the sum of the natural radiation dose and the additional dose due to the nuclear accident, if any was detectable. Nevertheless, in
Fukushima as well as in Belarus, the individual annual dose including natural radiation was below 
